Limb skeletal elements originate from the limb progenitor cells, which undergo expansion and patterning to develop each skeletal element. Posterior-distal skeletal elements, such as the ulna/fibula and posterior digits develop in a Sonic hedgehog (Shh)-dependent manner. However, it is poorly understood how anterior-proximal elements, such as the humerus/femur, the radius/tibia and the anterior digits, are developed. Here we show that the zinc finger factors Sall4 and Gli3 cooperate for proper development of the anterior-proximal skeletal elements and also function upstream of Shh-dependent posterior skeletal element development. Conditional inactivation of Sall4 in the mesoderm before limb outgrowth caused severe defects in the anterior-proximal skeletal elements in the hindlimb. We found that Gli3 expression is reduced in Sall4 mutant hindlimbs, but not in forelimbs. This reduction caused posteriorization of nascent hindlimb buds, which is correlated with a loss of anterior digits. In proximal development, Sall4 integrates Gli3 and the Plzf-Hox system, in addition to proliferative expansion of cells in the mesenchymal core of nascent hindlimb buds. Whereas forelimbs developed normally in Sall4 mutants, further genetic analysis identified that the Sall4-Gli3 system is a common regulator of the early limb progenitor cells in both forelimbs and hindlimbs. The Sall4-Gli3 system also functions upstream of the Shh-expressing ZPA and the Fgf8-expressing AER in fore-and hindlimbs. Therefore, our study identified a critical role of the Sall4-Gli3 system at the early steps of limb development for proper development of the appendicular skeletal elements.
H ow progenitor cells are spatially and temporarily organized to construct an organ is a central question in developmental biology. Limb skeletal elements develop from limb progenitors, which arise from the lateral plate mesoderm (LPM) that is originated from epithelial somatopleure (1) . Limb progenitors initially form two paired protrusions, fore-and hindlimb buds, whose initiation occurs around embryonic day (E) 9.0 and E9.5, respectively, in mouse embryos. In the following steps, limb signaling centers, known as the zone of polarizing activity (ZPA) and apical ectodermal ridge (AER), are established. SHH (Sonic hedgehog) from the ZPA and FGF8 from the AER are major signal molecules that regulate proliferative expansion and patterning of early limb progenitor cells (reviewed in ref. 2) . These processes lead to development of functional limbs with each skeletal element adopting a unique shape at a distinct location.
Several studies suggest that limb progenitors consist of two distinct pools, an anterior progenitor pool and a posterior progenitor pool. The posterior progenitor pool consists of cells that once expressed Shh and cells that received paracrine effects of SHH, which contribute to digit 2 (d2), d3, d4, and d5 and the posterior zeugopod (ulna, fibula) (3) (4) (5) (6) . Contrary to this, the anterior progenitors are not well characterized. However, a recent report suggested that the putative anterior progenitor pool contributes to d1 and anterior-proximal skeletal elements (tibia, femur) in hindlimbs. Inactivating Irx3 and Irx5 (Irx3/5), two homeodomain encoding genes expressed in the LPM and the anterior-proximal domain of developing fore-and hindlimb buds, resulted in failure to develop these anterior-proximal skeletons in hindlimbs, whereas forelimbs developed normally (7) . The lack of the anterior-proximal hindlimb skeleton was observed only when Irx3/5 were inactivated before hindlimb initiation, suggesting that the putative anterior-progenitor pool is specified before hindlimb outgrowth.
In addition, limb anterior genes appear to have a critical role in establishing limb signaling centers. One of factors involved in this process is a zinc finger factor GLI3 (8) . Gli3 functions for specifying anterior-posterior polarity in the nascent limb buds (9) , and Gli3 null embryos develop polydactyly without polarity (10) . Furthermore, simultaneous inactivation of Gli3 and Irx3/5 caused failure to express Shh and significantly reduced levels of Fgf8, which resulted in severe limb truncation (11) . This result suggests that cooperation of anterior genes is upstream of establishing limb signaling centers, and therefore expansion of SHH-dependent posterior progenitors. This phenotype was observed only in the hindlimbs, although Irx3/5 and Gli3 are similarly expressed in both fore-and hindlimb buds. Despite these recent reports, factors that regulate the putative anterior progenitors are not well understood. Moreover, it is unknown whether similar or distinct mechanisms involving anterior genes regulate limb signaling center establishment in fore-and hindlimbs.
Sall genes encode zinc finger transcription factors that are vertebrate homologs of the Drosophila homeotic gene, spalt. They play diverse roles in embryonic development, including the development of limbs (12, 13) . Among four Sall genes in mammals, Sall4 is a key regulator of stemness in stem cells and progenitor cells, such as embryonic stem cells, induced pluripotent stem cells, spermatogenial progenitor cells and cancer cells (14) (15) (16) (17) (18) (19) . Despite its robust expression during limb development, functions of Sall4
Significance
The limb skeletal elements that have unique morphology and distinct locations are developed from limb progenitors, derived from the lateral plate mesoderm. These skeletal elements arise during limb development. In this study, we show genetic evidence that function of Sall4 is essential prior to limb outgrowth for development of the anterior-proximal skeletal elements. Furthermore, genetic interaction between Sall4 and Gli3 is upstream of establishing Shh (Sonic hedgehog) expression, and therefore, Shhdependent posterior skeletal elements. Our study identified early requirements of the Sall4-Gli3 system for two putative progenitor pools that develop into distinct sets of limb skeletal elements.
in limb development are not understood well. A previous report suggested a role of Sall4-Tbx5 interaction in most-anterior digit (d1) development in forelimbs (20) . However, this study used embryos heterozygous for the Sall4 gene trap allele (Sall4GT), which exhibited a different phenotype from Sall4 +/− mice (15), indicating that Sall4GT allele wound not be a simple loss-offunction model. Moreover, Sall4 null embryos die at periimplantation stages (15) , excluding the possibility of identifying Sall4 functions in postimplantation stages. We show that inactivation of Sall4 in the mesoendoderm before limb outgrowth causes defects of proximal-anterior skeletal elements specifically in hindlimbs. We provide genetic evidence that Sall4 and Gli3 interact and regulate establishment of Shh-expression, and this regulation is common in fore-and hindlimb buds. Therefore, the Sall4-Gli3 system is an early and critical regulator acting on limb progenitor cells.
Results

Sall4
Is Required Before Outgrowth for Development of the AnteriorProximal Skeletal Elements in Hindlimbs. Sall4 is broadly expressed before limb outgrowth and is expressed in the developing limb bud (Fig. S1 A-C) . To investigate the role of Sall4 in limb development, we conditionally inactivated Sall4 using three Cre deleters, with which recombination occurs at different timings (Fig. S2) . Recombination by Tcre occurs in mesoendoderm lineages at E7.5, much earlier than limb outgrowth (21) , and Sall4 transcripts were undetectable by E8.5 (Fig. S1D) . Neonatal mutants (Tcre; Sall4 flox/flox ) exhibited severe skeletal defects specifically in hindlimbs ( Fig. 1 A-F) . In the stylopod, the femur was not formed, instead, a small cartilage aggregate was present ( Fig. 1 D  and F) . In the zeugopod the tibia was missing, whereas the fibula developed with variable length. In the autopod, two to three digits were present in most of mutants (Table S1 , 60.5% and 28.9%, respectively). Based on the morphology, the missing digits include the anterior d1, which is consistent with the expression of Hoxd12 and Hoxd13 in the entire autopod region of Tcre; Sall4 CKO hindlimbs (Fig. S3) , whereas the remaining digits include d5 and the identity of other digits was difficult to determine. These skeletal defects were observed in both left and right hindlimbs.
A second Cre line, Hoxb6Cre, recombines in the LPM around E9.0 (22) . Approximately half of the mutants (neonatal and >E16.5) exhibited milder hindlimb skeletal defects ( Fig. 1 G and H and Table S1 ). The Hoxb6Cre; Sall4 flox/flox mutants exhibited four (50%) or three (7.7%) digits. All mutants with reduced digit numbers developed the tibia, except for two hindlimbs (Fig. S4 A-C and Table S2 ). The expression pattern of Hoxd12 and Hoxd13 is consistent with the loss of d1 (Fig. S3) . The loss of d1 has been reported in Hoxa13 mutants (23); however, Hoxa13 was detected in both Tcre; Sall4 and Hoxb6Cre; Sall4 CKO hindlimbs (Fig. S3) , indicating that the loss of d1 is not caused by loss of Hoxa13 expression. A third deleter, Prx1Cre recombines at the time of limb initiation in the forelimbs and slightly after the onset of outgrowth in hindlimbs (24) . All neonatal mutants exhibited normal skeletons in fore-and hindlimbs ( Fig. 1 I and J) .
These results indicate that Sall4 is required specifically for the development of the proximal and anterior hindlimb skeletons. Although forelimbs develop largely normal in the absence of Sall4, some severely affected mutants with tail truncation exhibited reduced forelimb size ( Fig. 1E and Fig. S4 D and E). Tcre-dependent recombination occurs much earlier than that of Hoxb6Cre in the LPM (21, 22) . Thus, the difference between the skeletal phenotype by inactivating Sall4 using Tcre and Hoxb6Cre suggests a temporal difference in Sall4 requirement before and after hindlimb initiation. Sall4 seems to act before hindlimb outgrowth for subsequent development of the femur and tibia, and at the early hindlimb outgrowth stage Sall4 seems to be required for anterior digit development. Moreover, development of normal hindlimbs in Prx1Cre; Sall4 mutant suggests that Sall4 is dispensable around E9.75 and later on. A recent study suggested that the anterior-proximal skeletons in hindlimbs are derived from the putative anterior progenitors that express Irx3/5 (7). Therefore, our data suggest that Sall4 functions in the putative anterior progenitors in hindlimbs.
Regulates Anterior Genetic Programs for Proper AnteriorPosterior Patterning. We focused our analyses on Tcre; Sall4 flox/flox conditional knockout mutants (hereafter referred to as Sall4 CKO), given that all mutants exhibited strong phenotypes. The Sall4 CKO neonates were obtained at a significantly lower than expected ratio (Table S3 ), suggesting that a large portion of mutants died in utero. Due to the early requirement of Sall4, we first examined expression of genes that mark hindlimb progenitors at the onset of hindlimb outgrowth (E9.5-9.75). We detected weak expression of Tbx4 and Fgf10 (25, 26) , and, in particular, their expression in the anterior portion exhibited significant down-regulation ( Fig. 2A) . Expression of Irx3/5, whose functions are required for development of the anterior-proximal skeletal elements (7), seemed not to be significantly affected in Sall4 CKO embryos (Fig. 2B) . Although quantitative analysis indicated moderate reduction of Irx5 levels, we did not detect alteration of Irx3 levels (Fig. 2D ). IRX3 immunoreactivity was also detected similarly in control and Sall4 CKO hindlimb progenitor cells. Costaining with an anti-SALL4 antibody showed that immunoreactive IRX3 signals were similar in wild-type cells, relative to cells that lost SALL4 or cells that escaped from Sall4 inactivation in Sall4 CKO embryos. (Fig. 2C ). These results suggest that Sall4 and Irx3/5 might function independently to regulate development of anterior-proximal skeletal elements.
We detected down-regulation of Gli3, a critical anterior factor, in nascent hindlimb buds at E10. Consistent with mutual antagonism between Gli3 and Hand2, ectopic expression of Hand2, a posterior factor, was detected in the anterior portion of nascent hindlimb buds (Fig. 2E ). HAND2 acts in concert with GLI3 to polarize the nascent limb mesenchyme and control transcriptional The fibula (fi) was present, but the tibia (ti) was missing. The pelvic girdle (pg) was small, but patterned normally. (H) In Hoxb6Cre; Sall4 CKO hindlimbs, d1 was missing in the autopod. (J) Hindlimbs of Prx1Cre; Sall4 CKO developed normally. fe, femur; fi, fibula; h, humerus; pg, pelvic girdle; r, radius; ti, tibia; u, ulna. Digits are numbered as 1-5. Asterisks mark digits whose identity is not completely determined.
networks (27) . Thus, the altered Hand2-Gli3 balance in nascent Sall4 CKO hindlimb buds might modify gene network and proliferation rates, which would contribute to Shh expression being shifted to the middle-distal region in hindlimb buds at E10.5 (Fig.  2F) . A similar shift was also detected with the expression of Hoxd13, a target of SHH signaling (28) (Fig. 2F ). This shift is correlated with anterior expansion of the expression domain of Gli1, a transcriptional target of SHH signaling (8) , and with a reduction in size of the Gli1-free anterior domain. Fgf8 expressing AER was narrower and its posterior domain was missing in Sall4 CKO hindlimb buds, which is consistent with the positive feedback loop between the ZPA and AER (29, 30) . Accordingly, expression of Fgf10, whose expression in developing limb buds is maintained by FGF8 signaling (26) , exhibited a smaller expression domain (Fig. 2F) . A similar but smaller degree of reduction of the SHH signaling-free domain was also observed in Sall4 CKO forelimb buds (Fig. S5C) . Changes in the balance between Gli3 and Hand2 were subtle in forelimb buds compared with hindlimb buds (Fig. S5 A and B) . We also examined whether Sall4 expression was altered in Gli3 mutants, but detected only mild up-regulation in forelimb buds (Fig. S6) . The alterations of gene expression in the nascent and developing hindlimb buds in Sall4 CKO embryos support the idea that cells in the anterior portion, which are free of SHH signaling, are reduced in the absence of Sall4. A compatible interpretation is that limb progenitor cells might respond to the new geometry of ZPA and AER, which would cause fewer cells to be specified as anterior digit precursors. Such a reduction of the anterior cells would result in the lack of anterior digits in hindlimbs (Fig. 1) (7) .
Sall4 Regulates Proximal Development Through the Plzf-Hox System.
One of the notable phenotypes of Sall4 CKO hindlimbs is the failure to develop the femur. Despite the early defects in the proximal region, proximal marker genes, such as Meis2 and Efnb2, as well as Irx3 and Irx5 (7), were expressed similarly in both control and Sall4 CKO hindlimb buds (Fig. 3A and Fig. S7B ). Instead, we observed an alteration in expression of Hox genes, which are regulators of skeletal patterning. More specifically, a genetic study has demonstrated that mice lacking all Hox10 genes (Hoxa10, c10, d10) exhibit a small cartilage condensation in the stylopod, specifically in the hindlimbs, whereas other skeletal elements in fore-and hindlimbs develop (31) . In Sall4 CKO hindlimb buds, expression of Hoxa10 and Hoxd10 was undetectable in the proximal-anterior region, and was reduced in other regions (Fig. 3B) . Expression of Hoxc10 was down-regulated in the anterior half of the hindlimb bud. These results indicate that Sall4 is an upstream regulator of Hox10 genes, and suggest that the proximal defects in Sall4 CKO hindlimbs involve reduced function of Hox10 genes in the anterior hindlimb bud.
Hox expression is known to be regulated by the Plzf zinc finger factor (32) . We found that Plzf expression was also down-regulated in the anterior-proximal part of the hindlimb buds at E10.5 (Fig.  3C ). This down-regulation was more significant in the nascent hindlimb bud at E10.0. A previous study showed that mice lacking both Gli3 and Plzf developed a small cartilage condensation in the stylopod only in the hindlimbs (33), similar to Sall4 CKO mice. Our results indicate that Sall4 acts upstream of Gli3 and the Plzf-Hox10 system and suggest that the proximal defects in Sall4 CKO hindlimbs are derived from, at least in part, reduced function of Gli3 and the Plzf-Hox10 system in the putative anterior progenitors.
Sall4 is known to regulate proliferation of stem cells (15) , thus, we examined whether the proliferation of hindlimb progenitor cells is affected in Sall4 CKO embryos. Through serial section analysis (34), we found that the mesenchymal core of nascent hindlimb buds exhibited a reduced proliferation index (Fig. 3 D  and E) . In contrast, we did not detect alteration of cell death at E9.75 and E10.5 ( Fig. 3 D and E and Fig. S7A ). The reduced proliferation was detected only in the mesenchymal core, and cells in the anterior and posterior portions did not exhibit significant difference in cell proliferation. Reduced proliferation is associated with down-regulation of cell cycle progression related genes, such as Ccnd1, Ccne1, and Mycn (Fig. S8 A-L) . These results suggest that loss of Sall4 caused failure to expand cells in a discrete region in the nascent hindlimb buds.
Interaction Between Sall4 and Gli3 Regulates Development of the Limb Signaling Centers in both Fore-and Hindlimbs. A major difference between fore-and hindlimbs of Sall4 CKO mutants is Sall4 regulation of Gli3, which was evident in hindlimb buds but was subtle in forelimb buds (Fig. 2E and Fig. S5 ). To test whether hindlimb-specific skeletal defects in Sall4 CKO limbs involve reduced Gli3 rather than loss of Sall4 alone, we genetically removed Gli3 from the Sall4 CKO background. Because Sall4 CKO; Gli3 +/− embryos did not survive beyond E10.5, we focused our analysis on Shh, whose expression is significantly affected in Sall4 CKO hindlimb buds (Fig. 2F) . We also monitored Fgf8 expression, given a recent genetic study, involving Irx3/5 and Gli3, indicated that cooperation of anterior genes is necessary for establishing limb signaling centers, such as Shh-expressing ZPA and Fgf8-expressing AER (11) .
In hindlimbs, removing one allele of Gli3 from the Sall4 CKO background caused a failure to express both Shh and Fgf8 (Fig.  4A) , which was also observed in Sall4 CKO; Gli3 −/− double KO hindlimbs. Although Sall4 CKO; Gli3 double mutants exhibited smaller hindlimb buds, the lack of Shh and Fgf8 is unlikely simply due to small size of hindlimb buds, because wild-type hindlimbs with similar size (earlier stages) showed evident expression of both genes. Given that Gli3 is down-regulated in Sall4 CKO hindlimb buds, this result suggests that the Sall4 CKO; Gli3 +/− genotype caused a condition in the hindlimb similar to the Sall4 CKO; Gli3 −/− genotype. In forelimb buds of Sall4 CKO; Gli3 +/− mutants, Shh expression became weak, and its expression domain shifted to the middledistal region (Fig. 4B) . In addition, the Fgf8 expression domain was short. These expression patterns in forelimb buds resembled those of Sall4 CKO hindlimb buds. In Sall4 CKO; Gli3 −/− double KO forelimbs, expression of Shh and Fgf8 was further down-regulated and only trace levels of signals were detected. The residual Shh and Fgf8 in Sall4 CKO; Gli3 −/− forelimb buds implies that additional anterior factor(s) might participate in signaling center establishment in forelimb buds. Comparison of the expression pattern of Shh and Fgf8 between forelimb and hindlimb buds supports the idea that the hindlimb-specific phenotype in Sall4 CKO mutants involves reduced Gli3 levels. These results demonstrate that genetic interaction between two anterior factors, Sall4 and Gli3, is necessary to establish limb signaling centers in both fore-and hindlimbs. The results also suggest that the difference of Sall4 CKO skeletal phenotypes in fore-and hindlimbs would be derived from differences in Gli3 regulation by Sall4 (Fig. 2E and  Fig. S5 ).
Because SALL4 and GLI3 are both nuclear proteins, they might physically interact. Indeed, we observed both SALL4a (long form) and SALL4b (short form) could interact with GLI3, when transfected in cultured cells (Fig. S8 M and N) . This result suggests that SALL4 and GLI3 might directly interact, in addition to genetically, to regulate downstream developmental programs.
Discussion
Proper development of skeletal elements depends on specification, expansion and patterning of limb progenitor cells (35) . Genetic experiments have shown that posterior skeletal elements are developed in a Shh-dependent manner (3, 4) . However, how anterior skeletal elements are developed has been poorly understood. A recent report demonstrated that anterior progenitor cells, marked by Irx3/5, give rise to the femur, tibia, and d1 in the hindlimb (7). These skeletal elements are missing (d1, tibia) or are present as a small cartilage condensation (femur) in Sall4 CKO hindlimbs, suggesting that Sall4 function is required for the putative anterior progenitors. This phenotype was observed only when Tcre was used to inactivate Sall4, and Hoxb6Cre-dependent Sall4 inactivation only resulted in the lack of d1 in approximately half of the mutants. These different skeletal phenotypes from using Tcre and Hoxb6Cre suggest that the progenitors for the femur and tibia are specified before digits, and this specification occurs before hindlimb outgrowth. The skeletal phenotype of Tcre; Sall4 CKO mutants are different from a previous study using Sall4 +/GT mice, which exhibited elongated d1 in the forelimb autopod (20) . The Sall4GT allele would generate N-terminal truncated SALL4, fused with βGeo protein, which could interact with other SALL proteins and interfere with their functions (36) . Therefore, the Sall4GT allele would generate complex functional interference of all SALL proteins. In contrast, our approach could address functions specific to Sall4 during limb development.
Our data and a recent report (7) indicate that Sall4 CKO and Irx3/5 mutants share similar skeletal defects and altered gene expression in hindlimbs. We observed comparable expression patterns of Irx3/5 and immunoreactivities of IRX3 in Sall4 CKO embryos at E9.5-9.75, although Irx5 levels showed moderate reduction by qRT-PCR analysis. Given that one allele of Irx3/5 is sufficient for development of the anterior-proximal skeletons in hindlimbs (7), our data suggest that Sall4 and Irx3/5 function independently to regulate development of anteriorproximal skeletal elements. If so, it is conceivable that Sall4 and Irx3/5 share common downstream targets in the putative anterior progenitors. Alternatively, Irx3/5 might function upstream of Sall4 in the anterior progenitors.
Proximal skeletal defects are one of the notable phenotypes of Sall4 CKO hindlimbs. Our analysis suggests that Sall4 integrates Gli3 and the Plzf-Hox system for the development of the proximal skeletal elements. Because these genes are not completely down-regulated, additional mechanism(s) might be involved in the proximal defects. It has been suggested that development of a skeletal element requires expansion of precursors to sufficient levels, otherwise the element fails to form (37, 38) . The reduced proliferation of the mesenchymal core of nascent hindlimb buds of Sall4 CKO embryos suggests that, in addition to regulation of Gli3 and the Plzf-Hox system, Sall4 regulation of proliferation of discrete populations of limb progenitors also contributes to the skeletal phenotype.
In the autopod, it has been suggested that the time and concentration that cells are exposed to SHH pattern the digits (3, 4) . In this model, posterior d4 and d5 are derived from cells that expressed Shh, and d3 is partially derived from cells that expressed Shh and cells that received paracrine SHH, whereas d2 is derived from cells that received only paracrine SHH. In Sall4 CKO hindlimbs, ∼90% of mutants exhibited an absence of d2 or d2+d3 phenotype, in addition to the absence of d1. This digit phenotype was correlated with reduced Gli1-free domain, which suggested that the putative anterior progenitor-derived cells are reduced. Thus, the failure to expand the putative anterior progenitors in the absence of Sall4 would contribute to the loss of d2 and d3 through failure to provide enough digit precursor cells, even in the presence of precursors derived from the posterior progenitor cells. This idea suggests that development of d2 and d3 requires both the putative anterior progenitors and Shh-dependent posterior progenitors (Fig. 4E) .
A recent report showed that cooperation of anterior genes at the beginning of limb development is necessary for establishing limb signaling centers. In particular, simultaneous inactivation of Irx3/5 and Gli3 caused failure to establish a Shh-expressing ZPA, and caused trace Fgf8 expression in the AER. However, this phenotype was hindlimb specific and forelimbs developed polydactyly, similar to Gli3 KO limbs (11) . In significant contrast to this report, we found that Sall4-Gli3 cooperation regulates limb signaling center development in both fore-and hindlimbs. As discussed above, Sall4 CKO skeletal defects are specific to hindlimbs and forelimbs developed largely normal. However, this difference between two types of limbs is likely derived from difference in Sall4 regulation of Gli3 (Fig. 4 C and D) . Due to reduction of Gli3 expression in Sall4 CKO hindlimb buds, the mutant hindlimb bud would be similar to Sall4 CKO; Gli3 +/− condition. This idea is supported by genetic removal of Gli3 from Sall4 CKO background. Due to severe defects to establish expression of Fgf8 and Shh, we speculate that the Sall4-Gli3 system would regulate early genetic systems, including Fgf10 induction and/or its upstream mechanisms, such as expression of Hoxa and Hoxd cluster genes (39) in limb progenitor cells. Such mechanisms are to be investigated in the future to deepen our understanding of how limb progenitor cells are controlled to develop into functional limbs. Nonetheless, our genetic experiments indicate that the Sall4-Gli3 system is a common mechanism to regulate early limb progenitors in fore-and hindlimb buds.
The data presented here and a recent report (11) support the two-population model, in which the anterior and posterior progenitor pools contribute to specific limb skeletal elements, located in the anterior-proximal region and posterior region, respectively (Fig. 4 D and E) . In this model the Sall4-Gli3 system is upstream of establishing Shh-expressing ZPA, which is a critical regulator of proliferative expansion of the posterior progenitor pool. Moreover, the Sall4, together with Gli3 and the Plzf-Hox system, regulates the putative anterior progenitor pool. Therefore, our data suggests that the Sall4-Gli3 system is a critical upstream regulator of both progenitor pools, and thus, development of the limb skeletal elements.
Materials and Methods
Mouse Mutants. The mouse lines for Sall4 (15, 40) , Gli3 (41), Tcre (21), Hoxb6Cre (22) , and Prx1Cre (24) were maintained on a mixed genetic background. Skeletal preparation was done as published (42) . Animal breeding and procedures were performed according to the approval by the Institutional Animal Care and Use Committee of the University of Minnesota.
Immunofluorescence and TUNEL Assay. Immunofluorescence of IRX3 (43) and SALL4 (Santa Cruz, sc-101147, 1/300 dilution) was performed on cryo-sections according to standard procedures (42) . Simultaneous cell proliferation and cell death analyses were performed by using anti-phospho histone H3 (Upstate, catalog no. 06-570) and the In Situ Cell Death Detection kit (Roche) as published (34) . Cell death analysis at E10.5 was performed on coronal sections by using the In Situ Cell Death Detection kit. DAPI was used for nuclear staining. Fluorescent confocal images were obtained by using Zeiss LSM 710 laser scanning microscope system (Carl Zeiss Microscopy), and analyzed using ZEN2009 software (Carl Zeiss Microscopy).
Skeletal Preparation and in Situ Hybridization. Preparation of skeletal staining and in situ mRNA detection were performed according to a standard procedure (42) .
Quantitative RT-PCR for Irx3/5. Relative expression of Irx3/5 in wild-type and Sall4 CKO was determined by isolating RNA from the hindlimb forming region/nascent hindlimb buds at E9.5-9.75 and performing quantitative PCR after reverse transcription. Details are provided in SI Materials and Methods.
Coimmunoprecipitation Assay. HEK293T cells were transfected with expression constructs by using Polyethylenimine MAX (Polysciences). Cell lysates were prepared after two days and coimmunoprecipitation assay were performed by using protein G-Sepharose (GE Healthcare) and anti-Flag antibody (M2, Sigma). Proteins were resolved by SDS/PAGE, transferred to PVDF membranes (Millipore) and detected by anti-HA antibodies (4B2, Wako), HRP goat anti-mouse IgG, and a chemiluminescence system.
